We determined the toxin-gene profiles of 239 endemic, invasive group A streptococcal (GAS) isolates that circulated, within a 5-year period, in European university hospitals. Profiling was performed by use of multiplex polymerase chain reaction that screened for 9 streptococcal pyrogenic exotoxins (speA, speB, speC, speF, speG, speH, speJ, ssa, and smeZ). Analysis revealed that invasive GAS isolates do not share a common toxin-gene profile. Although all emm types were characterized by several different toxin-gene profiles, a predominance of 1 or 2 toxin-gene profiles could be observed, reflecting that a few invasive clones have spread successfully throughout the world. Remarkably, statistical pair-wise analysis of individual toxin genes revealed that strains that did not share the predominant profile still showed a nonrandom distribution of key toxin genes characteristic of the specific emm type. This could indicate that M proteins function, directly or indirectly, as barriers for horizontal gene exchange.
b-hemolytic group A streptococci (GAS) are a major cause of human morbidity and mortality due to infectious diseases worldwide [1] . Although most infections due to GAS are limited to the skin and nasopharyngeal mucosa, some involve severe invasive disease, causing streptococcal toxic shock-like syndrome and necrotizing fasciitis [2, 3] . Many hypotheses, either focusing on impaired host defense or enhanced virulence of GAS itself [4] [5] [6] , trying to explain the diversity of streptococcal diseases, have emerged. There has been a marked attenuation in the incidence of severe invasive GAS infections in the beginning of the twentieth century, followed by a resurgence and persistence of serious GAS infections since the mid-1980s [4, 7] .
Among the virulence determinants implicated in the aggressiveness of diseases caused by Streptococcus pyogenes, streptococcal pyrogenic exotoxins (Spes), most of them exhibiting very potent superantigen activity, play an important role [8] . spe Genes-including speA, speB, speC, speF, speG, speH, speJ, speK, ssa, and smeZencode a family of highly mitogenic proteins secreted by many S. pyogenes strains [9] [10] [11] [12] [13] [14] [15] [16] . Among the spe genes, speB is exceptional, because its mitogenic activity is probably subordinate to its function as a cysteine protease [17, 18] . The recent release of annotated GAS genome sequences of serotype M1, M3, M5, and M18 strains has revealed the existence of the complete or partial sequences of several different bacteriophage genomes, in addition to 140 putative virulence-associated genes [19] [20] [21] . Almost all these phages contain genes for у1 pyrogenic exotoxin homologues. Recent data have indicated that phage-encoded exotoxins play a critical role in the emergence of a new, unusually virulent clone of serotype M3 GAS strains [20] . This finding underscores the potential importance of bacteriophages in horizontal gene transfer and illustrates a possible mechanism for generating new strains with increased pathogenic potential [22] . Thus, the enhanced virulence of some GAS strains could be explained by either the acquisition of novel virulence determinants or a modified regulation of already-present virulence factors, or by both.
It is important to point out that several investigators have suggested that altered host immunity against specific strains or specific virulence determinants might play a crucial role in the development of severe invasive GAS disease [23] [24] [25] . A study by Kotb et al. [26] has demonstrated that a specific HLA class II haplotype confers strong protection against severe systemic GAS disease, whereas other haplotypes increase the risk of severe disease.
By use of a sequence-based approach, 1100 different M types have been identified. Interestingly, many studies could link the M1, M3, and M18 emm protein types more frequently to invasive GAS infections [27, 28] . Because many spe genes are localized on phages, in the present study, we used toxin-gene profiling to assess the degree of heterogeneity among endemic, invasive GAS isolates circulating simultaneously in Europe. To investigate whether there are factors that exert an influence on horizontal gene exchange, all toxin-gene profiles were statistically analyzed for their divergence between expected and real probability of occurrence and assigned to emm types.
MATERIALS AND METHODS
Bacterial strains. The present study includes 202 European clinical isolates obtained from 20 university hospitals in 12 different European countries (SENTRY Program), from 1997 through 1998. In addition, 90 GAS strains were obtained from the Swedish Surveillance Program from 1999 through 2001. None of the hospitals or microbiology laboratories contributing to this study provided 115% of the strains. Among the 202 SENTRY isolates, 149 were blood-culture isolates, 31 were wound isolates, and 22 were pharynx isolates. The SENTRY Antimicrobial Surveillance Program is a longitudinal surveillance program designed to monitor the predominant pathogens and antimicrobial resistance patterns of nosocomial and community-acquired infections, both nationally and internationally [29] . Isolates were referred to the regional reference laboratory located at the Eijkman-Winkler Institute for Clinical Microbiology, University Hospital Utrecht (Utrecht, The Netherlands). As part of the SENTRY program, the participating centers were instructed to submit only 1 clinically significant isolate/patient. After receipt, all isolates were subcultured onto blood agar to ensure purity. For the toxin-gene profiling, strains RDN01, 02, 05, 06, 08, and 29 were used as control strains. The existence of toxin genes was confirmed by Southern-blot analysis. All strains are clinical isolates that have been studied for toxin-gene expression in the laboratory of R.N.
Participating countries and hospitals.
The following countries and hospitals participated in the study: Austria (Kran- emm Sequence typing. All 292 strains were subjected to emm sequence typing. For this purpose, strains were grown overnight on trypticase soy agar supplemented with 5% sheep blood. Two or 3 colonies were picked and resuspended in 300 mL of 0.8% NaCl and heated for 5 min at 94ЊC. After brief centrifugation to pellet debris, supernatants were then used as templates for each 50-mL polymerase chain reaction (PCR) mixture. The emm gene was amplified by use of the primers emmseq1 (5 -TAT TCG CTT AGA AAA TTA A-3 ) and emmseq2 (5 -GCA AGT TCT TCA GCT TGT TT-3 ), which are specific for the Nterminal region of the emm genes [30, 31] . The High Fidelity PCR System (Roche) was used for all PCRs. Amplification products were purified by use of a PCR purification kit (Qiagen), and both strands were sequenced by use of the amplification primers emmseq1 and emmseq2. Automated DNA sequencing was done by use of an ABI310 genetic analyzer (Applied Biosystems). The program GCG (available at: http://www.accelrys.com /about/gcg.html) was used for alignment of the obtained sequences. DNA sequence comparisons were performed against sequences listed in the National Center for Biotechnology Information's Basic Local Alignment Search Tool (available at: http: //www.ncbi.nlm.nih.gov/BLAST/) and against sequences in the Centers for Disease Control and Prevention (CDC) streptococcal emm sequence database (available at: http://www.cdc.gov/ncidod/ biotech/strep/strepblast.htm).
Multiplex PCR. Multiplex PCR was used to perform toxingene profiling [32] . Oligonucleotides used for profiling of the spe gene and the expected amplification sizes are shown in table 1. All primers used were designed according to published nucleotide sequences of speA, speB, speC, speF, speG, speH, speJ, ssa, and smeZ. To optimize conditions, oligos were designed with similar annealing temperatures. For PCR analysis, GAS colonies were resuspended in 20 mL of dH 2 O and boiled for 5 min at 95ЊC, followed by brief high-speed centrifugation. PCRs were set up in a total volume of 50 mL, containing 1 mL of cell lysate as a template, 5 mL of 10ϫ PCR buffer, 5 mL of 10ϫ MgCl 2 (25 mmol/L), 2 mL of dNTPs (10 mmol/L each), 1 mL of polymerase (3.5 U/mL; High Fidelity PCR System; Roche), and 1 mL of each oligo (100 pmol/L). PCRs were performed using the following protocol: denaturing for 5 min at 96ЊC, 30 cycles for 50 s at 96ЊC, annealing for 65 s at 44ЊC, and elongation for 70 s at 72ЊC, followed by 5 min at 72ЊC. Validation of multiplex PCR. To validate the multiplex PCR, we selected 58 strains characterized by differences in their toxin-gene profile, compared with the predominant toxin-gene profile found in their respective emm-type group. Multiplex PCR was performed again for all 9 spe genes, yielding 522 new PCR products. Differences were explored by repeated PCR analyses. Analyses revealed 12 false-negative and 6 false-positive spe gene alleles, resulting in a sensitivity of 95.6% and a specificity of 97.7%. A sensitivity of 95.6% was defined as the probability with which a positive PCR result predicts the existence of the gene, whereas a specificity of 97.7% was defined as the probability with which a negative PCR result predicts the nonexistence of the gene. To minimize the risk of possible sequence variation affecting the primer binding site, we aligned all published sequences for each spe gene and selected a conserved region for primer design.
Statistical analysis of data. Statistical analysis of gene patterns was performed by use of the SAS_PC program (version 6.12; PROC FREQ). P values were established under normal approximation to the binomial distributions. The level of significance was chosen to be 1%; was considered to be P ! .01 significant.
RESULTS
emm-related, population-based frequency of invasive GAS isolates. The first objective of the present study was to determine the frequency of emm sequence types among a collection of 239 endemic, invasive blood-culture GAS isolates circulating simultaneously in Europe. To provide a reference group, 31 wound and 22 pharyngeal isolates were included. The emm sequence type is based on the 5 region of the emm gene and correlates well with the M serotype, the principal epidemiologic typing tool for GAS over the past decades. emm sequence typing revealed 43 different emm sequence types among the collection of 239 blood-culture GAS isolates. Seven additional emm sequence types were identified among the wound and pharyngeal isolates. Only 9 emm sequence types were represented by у4 isolates (table 2) . It is important to point out that, although emm gene alleles with an exact match to M type reference strains were identified frequently, emm3.1, emm3.2, emm83.1, and emm49.2 were the most common alleles of types emm3, emm83, and emm49. Although only limited numbers of isolates were evaluated, there was no significant difference in distribution of emm types among invasive, wound, and pharyngeal isolates ( ). P 1 .01 Toxin-gene profiling by multiplex PCR. To address the question of whether invasive isolates have a common toxingene profile or whether the encountered toxin-gene profiles of invasive isolates simply reflect recruitment of diverse GAS subpopulations present at different body sites, we determined the toxin-gene profiles of all GAS isolates. spe genes were chosen as markers for horizontal gene transfer, because many of them are encoded on movable elements and are exposed to considerable environmental selective pressure.
Toxin-gene profiling was performed by analyzing all 292 isolates by multiplex PCR for the existence of 9 spe genes-speA, speB, speC, speF, speG, speH, speJ, ssa, and smeZ. As predicted, the distribution frequency of speA, speC, speH, speJ, ssa, and (table 3) . Association between toxin-gene profile and emm types. To determine potentially recurrent characteristics of spe gene distribution, the association between toxin-gene profiles and emm types was analyzed. In particular, the existence of a common "signature" toxin-gene profile for invasive isolates was scrutinized. Because of space limitations, here, we focus primarily on the 4 most commonly encountered emm types-1, 3, 28, and 12. Toxin-gene profiling of those 4 strains revealed the existence of 1 or 2 numerical dominant toxin-gene profiles, as well as a number of less-frequent and distinct toxin-gene profiles (table 4) . Remarkably, the toxin-gene profiles of emm1-and emm3-type strains share a number of striking similarities. In each case, all but 1 emm1 and emm3 strains carry a speA allele and lack the speC gene. Although variations in the toxingene profile were primarily the result of distribution differences among speH, speJ, ssa, and smeZ, regularities could be observed among them as well. Unlike speH and ssa, which were present at levels well below average (4.2% and 2.7%, respectively), the smeZ allele was found in all but 3 emm1 strains (95.8%) (table  5) . Interestingly, all 3 strains differed according to the presence or absence of a single spe gene (table 4) . In emm3-type strains, the existence of the ssa allele (90%) stood out; only 2 toxingene profiles, consisting of 6 strains, were characterized by the lack of ssa.
In sharp contrast to emm1 and emm3 strains, toxin-gene profiling of emm28 strains revealed that 31% of the isolates carried both speA and speC simultaneously (table 4) . Furthermore, the group of emm28-type isolates was characterized by a total of 13 different toxin-gene profiles among 32 strains and showed a higher degree of diversity, compared with emm1-and emm3-type strains. Despite the number of different toxin-gene profiles, emm28 strains shared the consistent presence of speC and speJ genes (90.6% vs. 33.9% average occurrence, and 87.5% vs. 32.8% average occurrence, respectively; ssa and smeZ each remained with just a single positive strain, far below the average values of 23.6% and 30.8%, respectively.
Because our analysis revealed that each emm type is characterized by at least 1 dominant toxin-gene profile, the question arose as to what extent these dominant profiles are exclusive for a given emm type. Table 6 illustrates that 3 of 4 of the most common toxin-gene profiles are almost exclusive for a single emm type. Furthermore, it became obvious that, although all emm types were characterized by several different toxin-gene profiles, each emm type was characterized by the predominance of at least 2 movable spe genes, compared with the average occurrence frequency of spe genes (table 6) .
Detection of nonrandom-association spe alleles. In addition to the clonal distribution of GAS isolates, the nonrandom association of spe alleles between different emm sequence types could suggest the existence of conditions or barriers that effectively reduce horizontal gene transfer. To address this ques- -gene profiling of emm types 1, 3, 28, and 12 
tion, actual spe gene occurrences were compared with those expected for a random process. Discrepancies from the expected values would suggest a nonrandom process, indicating the existence of factors that influence random gene transfer. For that purpose, all toxin-gene profiles were subjected to a pairwise analysis of movable exotoxins, to determine the divergence between observed and expected cooccurrence probabilities. We first focused on differences between observed and expected occurrence probabilities for speA and speC, taking into account the entire collection of invasive isolates. The average percentage of speA occurrence is 54%, and that of speC is 34%. In case of random distribution, the frequency of simultaneous occurrence of both spe genes should be 18%. However, the actual observed coexistence of speA and speC reached just 6.5%, indicating nonrandom spe flow for these 2 spe genes ( ). To better P ! .001 understand whether this phenomenon is limited to certain emm sequence types, the 10 most common emm types were subjected to this analysis (data not shown). The results show that none of the emm types investigated showed a nonrandom distribution of speA and speC.
DISCUSSION
Reports of increased incidence of severe invasive GAS disease in the mid-1980s provoked an intensified search for the factors responsible for the apparently enhanced virulence of GAS [33] [34] [35] [36] [37] . Several studies proposed the existence of specific virulent and invasive clones [27, 28] . Many of these studies suffered from limited geographic and temporal diversity, as well as from the lack of an adequate number of population control strains isolated from healthy individuals. Consequently, results suggesting the presence of highly virulent clones, characterized by a yet-unknown factor responsible for their aggressiveness, need careful consideration. A study from 1992 demonstrated that M1, M3, and M18 strains are associated significantly more often with invasive disease [27] . However, the fact that M1 strains, which cause severe systemic infections, are unrelated to the M1 isolates responsible for uncomplicated pharyngitis suggests that strain-specific virulence, rather than virulence broadly related to a given serotype, exists. Consequently, these findings raised the question of whether enhanced virulence is associated with specific strains within a serotype. In addition to the association of certain emm types with invasive disease, the importance of host factors in disease progression seems to be crucial. This is emphasized by a number of recent investigations. Chatellier et al. [38] demonstrated that a genetically indistinguishable M1T1 clone that has been globally disseminated over the course of the past 20 years causes diseases ranging from uncomplicated pharyngitis to invasive disease, with variable severity. Another study demonstrated that specific HLA class II haplotypes confer protection or an increased risk of severe GAS disease [26] .
The present study was designed to investigate the possible existence of a common toxin-gene profile among endemic, invasive GAS isolates. Similar toxin-gene distribution patterns among distinct emm types could indicate a selective advantage for invasive isolates. We determined the emm sequence type of all 239 invasive GAS isolates, revealing 48 different invasive GAS emm-type strains circulating simultaneously in Europe. Among these 48 different emm sequence types, M1, M3, M12, and M28 isolates were most frequently present. Except for a recent study in Israel that found a paucity of M1 strains [39] , these data are in agreement with those from other studies [40] [41] [42] (see also data of the Active Bacterial Core Surveillance of the Center of Disease Control [available at: http://www.cdc.gov/ ncidod/dbmd/abcs/survreports.htm]). Why emm3.1 and emm3.2 strains were the most common alleles of emm3 types remains unclear. Although only limited numbers of isolates were evaluated, there was no significant difference in emm-type distribution between invasive, wound, and pharyngeal isolates ( ). P 1 .01 Despite the dominance of emm types 1, 3, 28, and 12, the large number of different emm types suggests that no exclusive link between emm type and invasive disease exists, which argues for the existence of an additional biological factor that determines enhanced virulence. Although the identity of this factor has remained elusive, the critical role that Spes play in the development of severe GAS disease is undisputed [43] . To address the question whether invasive strains are featured by a characteristic toxin-gene profile, possibly independent of their emm sequence type, we performed toxin-gene profiling of all invasive isolates.
The overall analysis revealed 43 different toxin-gene profiles, which indicates that invasive GAS isolates are not characterized by a common toxin-gene profile. This assumption was supported by the observation that toxin-gene profiles of invasive, wound, and pharyngeal isolates did not show any significant differences ( ). For example, 9 of 10 emm1 pharyngeal P 1 .01 strains share the toxin-gene profile of 1 of the 2 most frequent profiles encountered among invasive emm1-type strains. Interestingly, toxin-gene profiles were closely associated with emm sequence types. Each emm type was characterized by 1 or 2 dominant toxin-gene profiles (table 4) , which were almost exclusive for a given emm type, followed by a variable number of less-frequent patterns. How can the linkage between emm type and toxin-gene profile be explained? The most obvious explanation would be the spread of a limited number of invasive GAS clones across the population examined. Several publications show the existence of these invasive clones [44, 45] . Within a clonal lineage, you would expect a rather conserved toxin-gene profile. Remarkably, statistical pairwise analysis of individual toxin genes revealed that those strains not sharing the predominant profile still showed a nonrandom distribution of key toxin genes characteristic of the specific emm type. Again, this finding could simply reflect the existence of an ancestor emm-type clone, which has kept its signature toxingene profile. These data could also indicate that M proteins function, directly or indirectly, as barriers for horizontal gene exchange. The notion that both phenomena are coexisting is supported by ongoing multilocus sequence-typing studies, which demonstrate that emm1-and emm3-type strains are derived from a very limited number of ancestor clones, whereas emm12 and emm28 strains are derived from multiple clones. A phenotypic correlation between resistance to bacteriophage infection and surface expression of M protein has been described elsewhere [46, 47] . Thus, the observed nonrandom association between emm types and distribution of spe gene could suggest a direct or indirect biological interaction between M protein surface structures and bacteriophages. Our data could also reflect a correlation between emm types and the existence of surface components that function as phage receptors. A recent study delineated a correlation between emm gene markers for tissue tropism of GAS isolates and the presence of characteristic spe alleles [48] .
To further investigate the possible involvement of emm types, in horizontal gene exchange, we addressed the question of whether acquisition of an spe gene is dependent on the presence or absence of a resident spe gene. Factors such as phage immunity ought to be considered. On the basis of the strains investigated (n p 292) that harbored speA (n p 159) or speC (n p 99), the expected value for the number of strains simultaneously carrying both spe genes can be calculated, assuming that both variables are independent of one another [48] . According to the above-mentioned numbers, a random distribution of spe genes would show that 18% of the strains harbor speA and speC simultaneously. Among emm1-type strains (n p 72), in only 1 case was a cooccurrence of speA and speC observed (0.72%), which suggests a nonrandom process ( ). Sim-P ! .001 ilar to emm1-type strains, emm3-type strains ( ) showed n p 51 a coexistence of speA and speC, of only 2% ( ). Hence, P ! .01 in emm1-and emm3-type strains, the presence of speA seems to affect the acquisition of an speC gene. In contrast to this, analysis of emm28 strains revealed that 31% of the isolates carried both speA and speC, a proportion above the expected level of 18% calculated for random distribution. Taken together, these findings might indicate that, in addition to the clonal distribution of GAS isolates, spe gene dependencies are also affected by biological barriers that are directly or indirectly dependent on emm types.
In this context, it is striking that different emm sequence types, although presenting very distinct toxin-gene profiles, share a number of characteristics, which argues for a selective and/or biological advantage. Only a few emm types are characterized by the coexistence of speA and speC. Among 50 different emm types, only 2 (28 and 22.2) possessed a considerable number of isolates carrying speA and speC simultaneously. Apart from these emm types, only emm12 (2/24), emm1 (1/ 71), emm3.1 (1/34), and emmST6735 (1/1) demonstrated coexistence of speA and speC. A similar finding was made for ssa and smeZ; both coexisted rarely in our collection of GAS strains.
Our findings suggest that invasive GAS isolates do not share a common toxin-gene profile, indicating that a specific set of spe genes is not required for enhanced virulence. However, almost every emm type was characterized by the predominance of 1 or 2 toxin-gene profiles, clearly supporting the concept of clonal distribution. However, most toxin-gene profiles, including the less frequent ones, were rather exclusive for a single emm type, possibly defining emm sequence types as barriers to horizontal gene flow. This was further supported by statistical pairwise analysis of individual toxin genes, which revealed that those strains not sharing the predominant profile still showed a nonrandom distribution of key toxin genes characteristic of the specific emm type. This could indicate that M proteins function directly or indirectly as barriers for horizontal gene exchange.
